The heat capacity of a Ni 36 Nb 24 Zr 40 glassy alloy was measured by adiabatic calorimetry from 13 to 300 K. The smoothed values of molar heat capacity were calculated from the data using a least-squares method. The standard enthalpy, entropy, and Gibbs energy were calculated from the smoothed heat capacity values. Assuming Hð0Þ ¼ 0 and Sð0Þ ¼ 0 at 0 K, the heat capacity, enthalpy, entropy, and Gibbs energy at 298. 
Introduction
Glassy alloys are important functional materials due to their high mechanical strength, high corrosion resistance, and soft magnetic properties that are superior to those of the corresponding crystalline alloys.
1) The glassy alloys are associated with a more open atomic structure than their crystalline counterparts, making them more attractive. For the membrane, a melt-spun flexible amorphous Ni-Nb-Zr membrane with excellent hydrogen permeability has been developed. 2, 3) On the other hand, the metallic glasses, which are considered as macroscopic materials with a mesoscopic system that consists of nanostructures, have potential as materials for nanoelectronic devices. Recently, Coulomb oscillation of protons, in a Ni-Nb-Zr-H glassy alloy with multiple junctions, was found in the temperature range of 205-206 K. 4) This is explained by the tunneling of individual protons charging and discharging the vacancy capacitance of Zr-H-Ã-H-Zr atomic bond arrays among the Zr-tetrahedral clusters, where Ã is the vacancy barrier in the glassy alloys. 5) In order to clarify whether the behavior is due to Coulomb oscillation, it is necessary to measure the thermodynamic properties, such as atomic vibrations and electron density of state. [6] [7] [8] [9] In the present study, we measured the precise heat capacity of Ni 36 Nb 24 Zr 40 glassy alloy by adiabatic calorimetry, and determined the values of some standard thermodynamic functions, as a basic study of the Ni-Nb-Zr-H glassy alloy, in comparison with Zr 55 Al 10 Ni 5 Cu 30 glassy alloy. Although the addition of Al into the Ni-Zr binary system promotes the formation of icosahedron-like polyhedra in the structure, 10) the effect of the addition of Nb in the Ni-Zr-Nb system is not clear.
Experimental
An ingot of Ni 36 Nb 24 Zr 40 was synthesized from a mixture of Ni, Nb, and Zr by arc melting in an argon atmosphere.
3) A glassy ribbon sample, 2 mm wide and less than 55 mm thick, was prepared by a single roller-type rapid quenching method from the melt, in which the sample was vitrified.
The heat capacity was measured using a homemade adiabatic calorimeter. The as-prepared ribbon sample was cut into about 3 mm lengths, and 5.6294 g (0.070441 mol) of the sample was loaded into the calorimeter vessel (goldplated copper). The vessel was evacuated and sealed after adding a small amount of helium (5 kPa at room temperature) to obtain a thermal uniformity within the calorimeter vessel. The contribution of the sample to the total heat capacity, including that of the calorimeter vessel, was about 15-20% between 13 and 300 K. The details of the apparatus, operation, and performance of the homemade adiabatic calorimeter has been described elsewhere. 11, 12) The temperature was measured with a platinum resistance thermometer (Tinsley, 5187L) calibrated at the National Physics Laboratory (U.K.) on the basis of the international temperature scale (ITS-90). The adiabatic control system provided temperature stability of the calorimeter vessel within 10 À5 KÁmin À1 . The heat capacity of the sample was obtained by subtracting that of the calorimeter vessel from the total heat capacity, including the calorimeter vessel. The accuracy of the heat capacity measurements was confirmed using a standard reference material SRM 720 (synthetic sapphire) provided by the National Institute of Standards and Technology (U.S.A), which gave an accuracy of 0.1% at about 100 K.
Results and Discussion
The measured molar heat capacity of the Ni 36 Nb 24 Zr 40 glassy alloy is shown in Fig. 1 , along with the data of the as-quenched ribbon sample of Zr 55 Al 10 Ni 5 Cu 30 glassy alloy. 6) Both samples are composed mainly of icosahedral clusters. 10) The numerical values of the heat capacity of the Ni 36 Nb 24 Zr 40 glassy alloy are tabulated in Table 1 . The temperature increment of each measurement was 1-2 K. After each heat input, the calorimeter vessel attained thermal equilibrium below 20 K in few minutes, and above 100 K in about 10 minutes. A smoothed heat capacity curve was obtained from the measured data by a method of least squares fitting. The heat capacity below 14 K was estimated by a graphical smooth extrapolation down to 0 K. The thermodynamic functions calculated from the smoothed heat capacity values, at rounded temperatures, are given in Table 2 . because the frequency of the atomic vibrations is proportional to the square root of the ratio of the force constant to the mass. This suggests that Nb contributes to the rigidity enhancement of the icosahedral clusters. The atomic configuration of (Ni 36 Nb 24 Zr 40 ) 0:901 H 9:9 glassy alloy was analyzed by XAFS measurement using synchrotron radiation photons at SPring-8, and the distorted icosahedral Zr 5 Ni 5 Nb 3 cluster was proposed as a possible model of the glassy alloy. 13) In summary, the precise heat capacity of Ni 36 Nb 24 Zr 40 alloy was measured by adiabatic calorimetry from 14 to 300 K, and the values of standard enthalpy, entropy, and Gibbs energy were calculated. The heat capacity difference from that of the Zr 55 Al 10 Ni 5 Cu 30 glassy alloy was provided. We also measured the heat capacity of a hydrogen-absorbed sample. The effect of hydrogen absorption on the heat capacity will be discussed elsewhere. 
